Dietary energy restriction (DER) inhibits mammary carcinogenesis, yet mechanisms accounting for its protective activity have not been fully elucidated. In this study, we tested the hypothesis that DER exerts effects on intracellular energy sensing pathways, resulting in alterations of phosphorylated proteins that play a key role in the regulation of cancer. Experiments were conducted using the 1-methyl-1-nitrosourea-induced mammary cancer model in which rats were 0%, 20%, or 40% energy restricted during the postinitiation stage of carcinogenesis. Parallel experiments were done in non-carcinogen-treated rats in which effects of DER at 0%, 5%, 10%, 20%, or 40% in liver were investigated. In a DER dose-dependent manner, levels of Thr 172 phosphorylated AMP-activated protein kinase (AMPK) increased in mammary carcinomas with a concomitant increase in phosphorylated acetyl-CoA-carboxylase, a direct target of AMPK, the phosphorylation of which is regarded as an indicator of AMPK activity. Levels of phosphorylated mammalian target of rapamycin (mTOR) decreased with increasing DER, and down-regulation of mTOR activity was verified by a decrease in the phosphorylation state of two mTOR targets, 70-kDa ribosomal protein S6 kinase (p70S6K) and eukaryote initiation factor 4E binding protein 1 (4E-BP1). Coincident with changes in mTOR phosphorylation, levels of activated protein kinase B (Akt) were also reduced. Similar patterns were observed in mammary glands and livers of noncarcinogen-treated rats. This work identifies components of intracellular energy sensing pathways, specifically mTOR, its principal upstream regulators, AMPK and Akt, and its downstream targets, p70S6K and 4E-BP1, as candidate molecules on which to center mechanistic studies of DER. [Cancer Res 2008;68(13):5492-9] 
Introduction
Dietary energy restriction (DER) reduces carcinogenesis at multiple organ sites including breast and liver (1) (2) (3) (4) (5) . This wellestablished phenomenon occurs in a dose-dependent manner and is remarkably reproducible across animal models. Much of the effort in this field to elucidate the mechanisms that account for DER inhibitory activity has focused either on the identification of the cellular processes affected (i.e., proliferation, apoptosis, and angiogenesis) or on the systemic factors that may mediate protective activity, primarily insulin-like growth factor I (IGF-I), adrenal cortical steroids, and adipokines such as leptin (6) (7) (8) (9) (10) . Inhibition of carcinogenesis by DER involves decreased cell proliferation, increased sensitivity to cell death via apoptosis, and decreased density in the amount of blood vessels supplying a tumor (4) . For a number of years, it was judged that the key to elucidating the powerful effects of DER on these cellular processes might lie in the understanding of the alterations of systemic factors like glucocorticoids and IGF-I, and certainly, those studies have given the field important insights (3, 4) . However, experiments designed to determine whether DER-mediated changes in plasma concentrations of glucocorticoids or IGF-I are obligatory for protection against mammary cancer indicated that knowledge of effects on these systemic factors was not sufficient to identify all the mechanisms that account for DER-mediated protection (7, 10) .
Despite well-recognized changes in energy metabolism known to occur during the development of cancer (11, 12) , little attention has been given to the possibility that a key to identifying the critical pathways involved in DER-mediated inhibition of carcinogenesis lies within the cell and is triggered, in part, by the effects of DER on intracellular energy sensing mechanisms. We hypothesized that DER would activate an ancient intracellular fuel sensor, AMPactivated protein kinase (AMPK), and, in concert with DER effects on IGF-I signaling that are mediated via protein kinase B (Akt), would work to down-regulate the activity of the mammalian target of rapamycin (mTOR). Measurement of AMPK activation served as a primary end point for this work because a growing body of evidence indicates that AMPK functions as a fuel sensor in many tissues and organs where it inhibits anabolic pathways when cellular ATP levels are reduced and when AMP increases in response to limited energy availability (13) . Moreover, because activation of AMPK by phosphorylation has been reported to inhibit the activity of mTOR, the phosphorylation-mediated activation of 70-kDa ribosomal protein S6 kinase (p70S6K), and the phosphorylation-dependent inactivation of eukaryote initiation factor 4E binding protein 1 (4E-BP1; refs. 14-16), events linked to the inhibition of cell proliferation and angiogenesis and induction of a proapoptotic environment, we hypothesized that mTOR activity would be down-regulated by DER; these molecules served as additional end points in our analyses. Because down-regulation of the signaling pathway, whose components are IGF-I receptor (IGF-IR), phosphatidylinositol 3-kinase (PI3K), and Akt, has been shown to be associated with DER, and this pathway is linked to the regulation of mTOR (17) (18) (19) (20) , these molecules were also measured. The linkage of signaling through the IGF-IR pathway to mTOR is specifically attributed to one of its activated mediators, phosphorylated Akt, which has been reported to oppose the effects of phosphorylated AMPK on the activity of mTOR and its downstream targets (21) , thus providing an additional rationale for the pathways investigated. Our initial analyses were done on mammary carcinomas and then selectively extended to lysates of mammary gland excised from the same rats in which no evidence of premalignant or malignant mammary pathologies was apparent (referred to as pathology-free). Having obtained evidence consistent with an effect of DER on these energy sensing mechanisms, a second experiment was done in non-carcinogen-treated rats. This was done to extend our observations to another organ site in which carcinogenesis is inhibited by DER via similar cellular mechanisms (5, 22) and to more rigorously test our hypothesis in a tissue that is relatively homogeneous in terms of cell types present. This approach permitted more detailed analyses than were possible using the limited amount of pathology-free mammary tissue available from our first experiment, and it allowed us to extend the work to less stringent levels (5% and 10%) of DER. Thus, the goal of the work reported herein was to establish whether DER affects the activity of the energy sensing network whose components are AMPK, Akt, and mTOR.
Materials and Methods
Chemicals. Primary antibodies used in this study were anti-phospho-AMPK ( ), anti-TSC2, and antirabbit immunoglobulin horseradish peroxidase (HRP)-conjugated secondary antibody, as well as LumiGLO reagent with peroxide, all from Cell Signaling Technology. Anti-IGF-IR antibody and antimouse immunoglobulin HRP-conjugated secondary antibody were from Santa Cruz Biotechnology. Anti-LKB1 antibody was from Millipore. Mouse antih-actin primary antibody was obtained from Sigma Chemical Co. A mTOR Kinase Activity Assay kit was purchased from (EMD). Tris-glycine gels were purchased from Invitrogen.
Animals, housing, and diets. Female Sprague-Dawley rats were obtained from Taconic Farms at 20 d of age and were housed individually in stainless steel metabolic cages with wire mesh bottoms from 23 d of age to the end of an experiment. The cages were equipped with adjustable width external tunnel feeders that permitted accurate quantification of food intake. All rats were fed a modified AIN-93G diet formulation as previously described (23) . The animal facility in which the rats were housed is Association for Assessment and Accreditation of Laboratory Animal Care accredited. The animal room was maintained at 22 F 1jC with 50% relative humidity and a 12-h light/12-h dark cycle. The work reported was reviewed and approved by Colorado State University Animal Care and Use Committee and conducted according to the guidelines of the committee.
Experiment 1
Experimental design. At 21 d of age, rats were injected with 50 mg of 1-methyl-1-nitrosourea/kg body weight (i.p.) as previously described (24) . Five days following carcinogen injection, all rats were randomized into three groups (n = 30 per group) and meal fed AIN-93G control diet ad libitum (control), a modified AIN-93G diet in an amount that was 80% of ad libitum intake of the control (20% DER), or a modified AIN-93G diet in an amount that was 60% of ad libitum intake of the control (40% DER; ref. 23 ). All of the rats were meal fed twice daily (8:00-11:00 a.m. and 2:00-5:00 p.m.), 7 d a week to reduce possible confounding due to intergroup variation in meal timing, meal number, and duration of fasting between meals. Rats in the control group were allowed access to an unlimited amount of diet each meal whereas rats in DER groups were given a restricted amount that was equally divided to two meals and provided in each meal twice per day. The diet fed to 20% or 40% DER rats was formulated to ensure an intake of all nutrients equivalent to the control group while limiting total dietary energy by reducing carbohydrate. All rats were palpated thrice a week for detection of mammary tumors beginning at 19 d post-carcinogen until study termination at 52 d post-carcinogen (73 d of age).
Necropsy and sample collection. Following overnight fast and inhalation of gaseous carbon dioxide and cervical dislocation, rats were then skinned and the skin area with the mammary grand chain was examined under translucent light to locate mammary tumors. The tumors were excised and snap frozen in liquid nitrogen. The contralateral abdominal inguinal mammary gland chain was excised, prepared as a whole mount on transparency film, and snap frozen in liquid nitrogen. All samples were stored at À80jC. Only mammary adenocarcinomas and pathology-free mammary gland number 4 from the same tumor bearing rat were evaluated (7-9 rats per group).
Experiment 2
Experimenal design. Rats were randomized by body weight at 23 d of age and divided into each of five groups (eight rats per group). Rats in all groups were meal fed the same diet formulations as described in experiment 1, 3 h per meal, 2 meals per day, 7 d per week. Rats in the control (DER 0%) group were allowed access to an unlimited amount of diet each meal whereas rats in DER groups were given a restricted amount that was equally divided to two meals and provided in each meal twice per day. The four groups of restricted-fed rats were given 95% (DER 5%), 90% (DER 10%), 80% (DER 20%), or 60% (DER 40%) of the ad libitum intake of the unrestricted rats. Because the objective of this experiment was to study the effects of DER on energy sensing pathways in the liver, DER was maintained for 4 wk at which time the rats were euthanized.
Necropsy and sample collection. All rats were euthanized over a 3-h time interval each day. Following the routine overnight fast to which rats were accustomed, rats were euthanized via inhalation of gaseous carbon dioxide. The sequence in which rats were euthanized was stratified across groups to minimize the likelihood that order effects would masquerade as treatment associated effects. After the rats lost consciousness, the livers were immediately excised and frozen between clamps that were precooled in liquid nitrogen. The livers were put in plastic bags and the bags were sealed and then placed in liquid nitrogen. After transport from the animal facility, the frozen livers were stored at À80jC until they were analyzed.
Western blotting. Mammary carcinomas, mammary gland, or liver was homogenized in lysis buffer [40 mmol/L Tris-HCl (pH 7.5), 1% Triton X-100, 0.25 mol/L sucrose, 3 mmol/L EGTA, 3 mmol/L EDTA, 50 Amol/L h-mercaptoethanol, 1 mmol/L phenyl-methylsulfony fluoride, and complete protease inhibitor cocktail (Calbiochem)]. The lysates were centrifuged at 7,500 Â g for 10 min in a tabletop centrifuge at 4jC and clear supernatant fractions were collected and stored at À80jC. The protein concentration in the supernatants was determined by the Bio-Rad protein assay.
Western blotting was done as described previously (6) . Briefly, 40 to 60 Ag of protein lysate per sample were subjected to 8% to 16% SDS-PAGE after being denatured by boiling with SDS sample buffer [63 mmol/L Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 50 mmol/L DTT, and 0.01% bromophenol blue] for 5 min and the proteins were transferred onto a nitrocellulose membrane. ), Akt, IGF-IR, PI3Kp85, PI3Kp110a, and h-actin were determined with specific primary antibodies, followed by treatment with the appropriate peroxidaseconjugated secondary antibodies, and visualized by LumiGLO reagent Western blotting detection system. The chemiluminescence signal was captured using a ChemiDoc densitometer (Bio-Rad) run under the control of Quantity One software (Bio-Rad). The actin-normalized scanning density data were reported.
ELISA-based mTOR kinase activity assay. For ELISA-based mTOR kinase activity assay (K-LISA, EMD), two steps were done as follows.
Immunoprecipitation and kinase activity. Clamp-frozen liver was homogenized in a specified lysis buffer [50 mmol/L Tris-HCl, 100 mmol/L NaCl, 50 mmol/L h-glycerophosphate, 10% glycerol (w/v), 1% Tween 20 detergent (w/v), 1 mmol/L EDTA, 20 nmol/L microcystin-LR, 25 mmol/L NaF, and a cocktail of protease inhibitors (EMD)]. Homogenates were centrifuged at 16,000 Â g for 10 min at 4jC and the supernatant was transferred to a clean tube. The supernatant (0.5 mL, protein concentration at 7 mg/mL) was precleared by adding 15 AL of Protein G-Plus agarose beads, incubating for 15 min at 4jC, and centrifuged at 4,000 Â g for 5 min at 4jC to pellet the agarose beads. Ten microliters of mTOR antibody (EMD) were added to the precleared lysates in fresh tubes and rotated for 1 h at 4jC. Then, 50 AL of protein G-Plus agarose beads were added in the tube and rotated for 90 min at 4jC. The agarose beads were washed with lysis buffer thrice and with 1Â Kinase Assay Buffer (EMD) once and centrifuged at 4,000 Â g for 5 min at 4jC. The beads were gently mixed with 2Â Kinase Assay Buffer working solution (2Â Kinase Assay Buffer, 20 mmol/L ATP, and 100 mmol/L DTT; EMD) and recombinant p70S6K-glutathione S-transferase fusion protein (EMD) to be evenly suspended, and incubated at 30jC for 30 min. The reaction was stopped by adding Stop Solution (EMD) and centrifuged at 4,000 Â g for 5 min at 4jC and the supernatant was stored at À80jC until the assay can be completed.
ELISA. One hundred microliters of supernatant obtained from the kinase activity were added to each well of Glutathione-Coated 96-Well Plates (EMD) and incubated for 60 min at 30jC, followed by three washes with Plate Wash Buffer (EMD). Then, 100 AL of anti-p70S6K-T389 Working Solution (EMD) were added to each well and incubated for 1 h at room temperature. After three washes with the Plate Wash Buffer, 100 AL of HRPantibody conjugate (EMD) were added to each well and incubated for 1 h at room temperature. After another three washes with the Plate Wash Buffer, 100 AL of TMB substrate (EMD) were added and incubated for 20 min at room temperature, followed by the addition of 100-AL ELISA Stop Solution (EMD) to each well. The plate was read at 450 to 595 nm. A serially diluted standard (enriched rat brain fraction, EMD), which was 50, 16.67, 5.56, 1.85, 0.62, and 0.21 AL, was done at the same time. Because the activity unit of the mTOR standard was not provided by the company (EMD), the data were expressed as arbitrary units (i.e., microliter of standard). It has been suggested that the data can be expressed as the percent of the control.
Statistical analyses
Differences among groups in the incidence and multiplicity of mammary adenocarcinomas were evaluated, respectively, by m 2 analysis (25) or ANOVA after square root transformation of tumor count, as recommended in ref. 26 . Differences among groups in the body weight were analyzed by ANOVA and post hoc comparisons were done by method of Bonferroni (27) . For Western blots, representative western bands were shown in the figures. The data displayed in the bar graphs of the figures were either the actinnormalized scanning data or the ratio of the actual scanning units derived from the densitometric analysis of each Western blot for the phosphoprotein divided by its nonphosphorylated counterpart for proteins involved in energy sensing pathways. For statistical analyses, the actin-normalized scanning density data obtained with the ChemiDoc scanner (Bio-Rad) were first rank transformed. This approach is particularly suitable for semiquantitative measurements that are collected as continuously distributed data, as is the case with Western blots The ranked data were then subjected to ANOVA (experiment 1) or regression analysis (experiment 2; ref. 28) . Ratio data were computed from the scanning units derived from the densitometric analysis (i.e., the arbitrary units of absorbance for variables stated and then the ratios were rank transformed and evaluated via ANOVA or regression analysis; ref. 28 ). All analyses done used Systat statistical analysis software, version 12.
Results

Experiment 1
Effects of DER on carcinogenic response and body weight. Cancer incidence and multiplicity were reduced by DER in a dosedependent manner as shown in Table 1 . Cancer incidence was 96%, 60%, and 23% (P < 0.001) and cancer multiplicity was 2.4, 1.1, and 0.3 carcinomas per rat (P < 0.001) in control, 20% DER, and 40% DER treatment groups, respectively. DER resulted in lower final body weights that were 180, 150, and 123 g in the control, 20% DER, and 40% DER, respectively, P < 0.001 (Table 1) .
Mammary carcinomas. Because we have previously shown DER to dramatically decrease tumor mass by inhibiting cell proliferation and tumor vascularization and by promoting a proapoptotic environment (6, 8, 9, 29) , the initial focus of our investigation was on mammary carcinomas.
AMPK. As shown in Fig. 1A , Western blot analysis on mammary carcinomas indicated that DER induced a 1.5-fold increase in the amount of LKB1, the kinase that phosphorylates AMPK on Thr 172 (P < 0.001). Whereas DER caused a numerical decrease in the amount of AMPK present in mammary carcinomas (P = 0.32), DER induced an increase in phosphorylated AMPK (Thr 172 ; P < 0.001); the amount of phosphorylated AMPK to AMPK was 1.6-and 2.8-fold higher at 20% and 40% DER versus control (0% DER), respectively. Parallel to the increase in AMPK activation, an increase in the ratio of phosphorylated ACC (Ser 79 )/ACC was observed in mammary carcinomas at both 20% DER (1.3-fold) and 40% DER (1.9-fold; P = 0.029).
mTOR, p70S6K, and 4E-BP1. As shown in Fig. 1B , DER significantly decreased the ratio of phosphorylated mTOR (Ser 2448 )/mTOR (P < 0.001), phosphorylated p70S6K (Thr 389 )/ p70S6K (P < 0.05), and phosphorylated 4E-BP1 (Thr 37/46 )/4E-BP1 (P < 0.001). Compared with control (0% DER), the reduction was 11% or 58% for phosphorylated mTOR, 27% or 45% for phosphorylated p70S6K, and 52% or 77% for phosphorylated 4E-BP1 at 20% DER or 40% DER, respectively. IGF-IR, PI3K, and Akt. As shown in Fig. 1C , DER was associated with a reduction in levels of IGF-IRa (P < 0.001) and PI3Kp110a (P = 0.033) and the ratio of phosphorylated Akt (Ser 473 )/Akt (P = 0.033). The reduction was 19% or 34% for IGF-IRa, 8% or 32% for PI3Kp110a, and 26% or 37% for phosphorylated Akt (Ser 473 ) for 20% DER or 40% DER versus control (0% DER).
Mammary gland. AMPK activity was measured by the ratio of phosphorylated to total ACC. As shown in Fig. 1D , Western blot analysis indicated that the ratio of pACC (Ser 79 )/ACC was increased 1.2-or 1.7-fold by 20% DER or 40% DER (P = 0.034). Moreover, the ratio of phosphorylated mTOR (Ser 2448 )/mTOR was reduced by 15% or 67% for 20% DER or 40% DER (P = 0.004). Research.
on April 13, 2017. © 2008 American Association for Cancer cancerres.aacrjournals.org Downloaded from
Experiment 2
As described in Materials and Methods, a range of restricted energy intake was investigated that encompassed and expanded on those used in experiment 1. Western blot analyses were done on livers from all rats (n = 8 per group) in this experiment so that we could robustly test our hypothesis about DER on AMPK, Akt, and mTOR using regression analysis. The overall effects of different levels of energy intake on body weight gain over the duration of this experiment are shown in Table 1 . All rats were in positive energy balance (i.e., they gained weight).
Liver
AMPK. Representative Western blots showing the effects of DER on the hepatic levels of AMPK and phosphorylated AMPK protein are shown in Fig. 2A . The amount of phosphorylated AMPK (Thr 172 ) and their ratio increased (r = 0.82, P < 0.001, and r = 0. 93, P < 0.001, respectively) with increasing DER.
mTOR activity. Hepatic mTOR activity was assessed directly with an ELISA-based assay as described in Materials and Methods. As shown in Fig. 2A , mTOR activity was inversely proportional to DER (r = À0.89, P < 0.001). The correlation between mTOR activity and phosphorylated mTOR (Ser 2448 ) was also measured; the two measurements were highly correlated (r = 0.97, P < 0.0001; data not shown).
p70S6K and 4E-BP1. Levels of p70S6K and phosphorylated p70S6K protein both decreased with increasing DER (P < 0.01; representative Western blots shown in Fig. 2B ), and therefore we computed their ratio. As shown in Fig. 2B , there was a decrease in that ratio with increasing DER (r = À0.81, P < 0.001).
The effects of DER on the amounts of 4E-BP1 and phosphorylated 4E-BP1 (Thr 37/46 ) are also shown in Fig. 2B . Levels of phosphorylated 4E-BP1 were marginally affected by DER (P = 0.001), whereas there was a negative association (r = À0.65, P = 0.001) between DER and phosphorylated 4E-BP1 (Thr 37/46 ). As shown in Fig. 2B , there was a decrease in the ratio of phosphorylated 4E-BP1 to 4E-BP1 with increasing DER (r = À0.66, P < 0.001).
Akt. A representative Western blot for Akt and phosphorylated Akt (Ser 473 ) is shown in Fig. 2C . The level of Akt in the liver was not affected by DER (P = 0.51), whereas there was a strong inverse association between the level of phosphorylated Akt (Ser 473 ; r = À0.71, P < 0.001) and the ratio of phosphorylated Akt to Akt (r = À0.76, P < 0.001) with increasing DER. Based on the effects of DER on the levels of phosphorylated Akt, we predicted that there would be corresponding changes in levels of phosphorylated TSC2 at Thr 1462 , which is a substrate for phosphorylated Akt. Figure 2C shows representative Western blots for TSC2 and phosphorylated TSC2. Regression analysis of these Western data on DER indicated that the ratio of phosphorylated TSC2 to TSC2 decreased with increasing DER (r = À0.68, P < 0.001). A logical parallel to these analyses would have been the Western blot analysis of phosphorylated TSC2 (Ser 1341/1337 ), the sites phosphorylated by AMPK; however, to date, none of the commercially available antiphospho-protein antisera have been of sufficient specificity for use in Western blot analyses of rat tissue extracts.
Discussion
Although a number of candidate mechanisms by which DER inhibits carcinogenesis have been proposed (3), the hypothesis that DER acts by modulating the activity of intracellular energy sensing pathways has previously not been tested. As shown in Fig. 1A , this ) and the activity of mTOR in livers of rats (A), on the phosphorylation of p70S6K (pp70S6K , Thr 389 ) and 4E-BP1 (p4E-BP1 , Thr 37/46 ; B ), and on the phosphorylation of Akt (pAkt , Ser
473
) and TSC2 (pTSC2, Thr 1462 ; C ) in livers of rats (n = 8). Representative Western blot images and bar graphs for the levels of proteins or activity or the ratio of phosphorylated to unphosphorylated form are shown in each panel. The images shown are those directly acquired from the ChemiDoc work station which is equipped with a charge-coupled device camera having a resolution of 1,300 Â 1,030. The normalized intensity data from the ChemiDoc were evaluated; statistical analyses were done on the ranks of the absorbance data via regression analysis. The mTOR activity was determined by ELISA-based mTOR kinase activity assay and the data were analyzed by regression analysis. Bars, SE. # , P < 0.05 versus 0% DER; c, P < 0.05 versus 5% DER; { , P < 0.05 versus 10% DER.
Cancer Research
Cancer Res 2008; 68: (13 study reports the first evidence that DER induces the activation of a highly sensitive intracellular energy sensor (i.e., the phosphorylation of AMPK in mammary carcinomas) and that activation of AMPK in response to DER also occurs in mammary glands (Fig. 1D ) and in the livers of non-carcinogen-treated rats ( Fig. 2A) . Furthermore, the effect of DER on this intracellular energy sensor seems to be coupled, in part, with its effects on the extracellular environment that are mediated via insulin-related growth factor signaling in a manner that affects the activity of mTOR. Key steps in the pathways affected by DER are diagrammed in Fig. 3 and are discussed in the following paragraphs.
AMPK. AMPK is an exquisitely sensitive detector of small changes in the cellular availability of ATP, and some investigators have even proposed that AMPK plays a central role in homeostatic regulation of whole-body energy metabolism (30) . AMPK is activated via phosphorylation of Thr 172 , located on the a catalytic subunit of this heterotrimeric protein. AMPK is phosphorylated on Thr 172 by constitutively active LKB1, a reaction that occurs due to conformational changes induced in the g regulatory subunit of AMPK by its binding of AMP, an event that occurs with greater prevalence when the ratio of AMP/ATP increases within the cell (13) . We studied the effects of DER on the levels of AMPK and phosphorylated AMPK (Thr 172 ) and on LKB1. It was observed via Western blot analyses that the amount of phosphorylated AMPK and the ratio of phospho-AMPK/AMPK increased with increasing DER (P < 0.001), indicative of strong activation response of AMPK to DER. To confirm that DER actually increased AMPK activity, the site-specific phosphorylation of ACC, a known substrate for AMPK, was measured. The phosphorylation of ACC (Ser 79 ) increased in response to DER. Given that ACC is not directly related to the energy sensing pathway that we were investigating, such independent confirmation of increased AMPK activity strengthens the observation that DER activates AMPK in mammary carcinomas. Moreover, given that inhibition of fatty acid synthesis has also been associated with anticancer activity, and that phosphorylation of Ser 79 -ACC by AMPK inhibits ACC activity, this observation suggests yet another mechanism by which DER may inhibit carcinogenesis (31, 32) .
LKB1. LKB1 is generally reported to be constitutively active and is not usually considered a factor in determining whether AMPK responds to changes in intracellular energy availability signaled by the AMP/ATP ratio (33) . However, Western blot analysis (Fig. 1A) indicated that the amount of LKB1 protein in mammary carcinomas was significantly increased in response to DER. The significance of this finding is unclear because the kinase activity of LKB1 was not measured, but available evidence does indicate that loss of LKB1 kinase activity underlies Peutz-Jeghers syndrome, and this has led to the observation that LKB1 is a tumor suppressor that exerts its effect, at least in part, via its kinase-mediated activation of AMPK (reviewed in ref. 32) . Hence, the possibility that DER induces the tumor suppressor activity of the protein complex in which LKB1 participates (STE-related adaptor, mouse protein 25, LKB1) merits further investigation.
We extended our investigation of DER and AMPK to mammary gland but focused on AMPK activity as indicated by phospho-ACC (Ser 79 ) because of the limited amount of mammary gland that was available from experiment 1. As shown in Fig. 1D , the amount of phospho-ACC and the ratio pACC/ACC increased with DER, suggesting that the effect of DER extends to cells that are not directly involved in carcinogenesis. We further tested this idea by assessing the activation of AMPK in livers of non-carcinogentreated rats with the benefit of the relative homogeneity of cell types within liver versus either mammary carcinoma or mammary gland. A highly significant positive relationship was observed between activated AMPK and magnitude of DER (Fig. 2A) ; in fact, DER accounted for 61% of the variation in activated AMPK. Collectively, these observations were consistent with emerging evidence that AMPK functions as a cellular energy sensor (34) and that DER activates AMPK in both cancer cells and in cells of tissues not involved in the carcinogenic process. AMPK activity was highest when energy intake was lowest and activity was downregulated as energy intake increased.
mTOR. Activated AMPK has a number of targets that are likely to be directly relevant to carcinogenesis (32) , but in this study, we focused on mTOR, an evolutionarily conserved serine-threonine kinase that is a key regulator of protein translation and synthesis. This kinase is centrally involved in cell growth (i.e., increase in cell size and cell mass, and these processes are tightly coupled to cell division; reviewed in ref. 32 ). The mTOR pathway integrates nutrient, energy, and mitogen signals to regulate cell growth and cell division (35) (36) (37) . Activated AMPK has been reported to suppress mTOR activity through the maintenance of the GTPase activity of RHEB protein via site-specific phosphorylation of TSC2 at Ser 1337 and Ser 1341 . As shown in Fig. 1B , DER reduced levels of phospho-mTOR, which we showed to be highly correlated with mTOR activity in liver. We next determined the effect of DER on phospho-mTOR in the mammary gland, and as shown in Fig. 1D , DER significantly reduced its phosphorylation. As shown in Fig. 2A , the down-regulation of mTOR activity in liver was shown by a direct assessment of its activity. Research.
on April 13, 2017. © 2008 American Association for Cancer cancerres.aacrjournals.org Downloaded from p70S6 kinase and 4E-BP1. Because mTOR affects a complex array of signaling events, we decided to further investigate the effects of DER on the phosphorylation of two proteins, p70S6K and 4E-BP1, which are substrates of mTOR (38) (39) (40) . Activated mTOR phosphorylates p70S6K, and this leads to increased ribosomal biogenesis (41, 42) . 4E-BP1 is a repressor of translation initiation (40, 43) . Activated mTOR phosphorylates 4E-BP1, which inactivates the protein. When it is hypophosphorylated, 4E-BP1 binds to and inhibits the rate-limiting translation initiation factor eIF4E (eukaryotic translation initiation factor 4E). On phosphorylation, eIF4E is released from 4E-BP1, allowing eIF4E to assemble with other translation initiation factors to initiate cap-dependent translation (44) . These analyses were only done in mammary carcinomas and liver. As shown in Figs. 1B and 2B, phosphorylation of p70S6 kinase and 4E-BP1 was significantly reduced in mammary carcinomas and liver by DER. These findings are consistent with the down-regulation of mTOR activity by DER and indicate that DER is likely to inhibit cell growth and cell division via mTOR-mediated effects on protein synthesis. Relative to a chronic disease process such as carcinogenesis, this suggests that the propensity for altered patterns of gene expression that occur during clonal selection and expansion of transformed cell populations would be suppressed by DER, a finding consistent with our previous observations (23, 29, 45) .
Akt. DER has been reported by us to decrease the circulating levels of IGF-I (10), and reduced levels of circulating IGF-I would be expected to down-regulate signaling via the pathway whose components are IGF-IR, PI3K, and Akt. Of these proteins, activated Akt, a serine/threonine kinase, is the critical effector molecule. Phospho-Akt serves important roles in cell proliferation, cell survival, and new blood vessel formation that are associated with tumor development (3). Therefore, our investigation was extended to these molecules because emerging evidence indicates that the effects of this pathway are also, in part, mediated via mTOR (17) (18) (19) (20) . The linkage of this pathway to mTOR is specifically attributed to phosphorylated Akt, which has been reported to oppose the effects of phosphorylated AMPK on the activity of mTOR and its upstream targets via phosphorylation of Ser 1345 and Thr 1227 on TSC2 (21) . As shown in Figs. 1C and 2C, effects on activated Akt were marked and DER was observed to reduce levels of phospho-Akt (total amount or the ratio of phospho-Akt/Akt) in both mammary carcinomas and liver. Whereas it is clear that reduced levels of activated Akt are likely to affect proliferation, apoptosis, and angiogenesis by mechanisms independent of mTOR (reviewed in ref. 46) , the finding that DER induces dual events, AMPK activation and down-regulation of growth factor signaling via Akt, which are integrated via TSC2 to decrease mTOR activity, is a currently unappreciated dimension in elucidating the mechanisms that account for the profound ability of DER to inhibit the carcinogenic process.
Summary and implications. These findings provide important insights about the DER mechanisms of action and are likely to have significant translational implications. Whereas evidence continues to grow, indicating that limiting energy availability to an organism has beneficial effects against a number of chronic diseases and also prolongs survival (i.e., retards aging), most efforts to identify common causal links have focused on signaling via insulin and IGFs and processes such as reduced cellular oxidation. Our finding that DER induces the activation of AMPK provides a new lens through which to search for common causal mechanisms that account for the health benefits of DER. For many years, the control of type 2 diabetes and hyperlipidemia syndromes has been a goal of drug development efforts that directly or indirectly target the activation of AMPK. One of the most widely used of the drugs thus far developed is metformin (47) , and emerging evidence is suggestive of reduced cancer rates in individuals who have taken metformin for the control of type 2 diabetes (48). We have also recently reported that 2-deoxy-glucose induces the activation of AMPK in vivo, and we suspect that this accounts, at least part, for its ability to inhibit experimentally induced breast cancer (49) . Moreover, to the extent that activation of AMPK and downregulation of Akt by DER mediate their effects on carcinogenesis via mTOR, the area of DER now intersects with three signaling pathways of current interest as new targets for development of cancer therapeutics. Those efforts may now be seen as opportunities to co-develop energy restriction mimetic agents as defined in ref. 49 . In summary, this work identifies components of intracellular energy sensing pathways, specifically mTOR, its principal upstream regulators, AMPK and Akt, and its downstream targets, p70S6K and 4E-BP1, as candidate molecules on which to center mechanistic studies of DER.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
